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Efficiency-enhancing measures are evaluated for a serial hybrid fuel cell vehicle over a drive cycle. The 
regarded powertrain consists of fuel cell system, battery, DC-DC converter, inverter and electrical 
machine. Within the fuel cell system, the air supply is the largest parasitic load. For the lowest 
dissipation, different air compression architectures are optimized by a scaling algorithm and compared. 
Phase switching reduces DC-DC losses. Additionally, a variable DC-link voltage increases efficiency of 
electrical machine and inverter. Dynamic Programming (DP) is used to evaluate these measures. The 
DP was extended by start-up and shutdown energy of the fuel cell system to model realistic cycle 
consumptions. Finally, all these efficiency enhancing measures lead to a reduction of energy 
consumption by 6.4 % for the serial hybrid fuel cell vehicle over a drive cycle. 
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1 INTRODUCTION 
Fuel cell vehicles utilize hybrid electric powertrains, comprising a battery and the fuel 
cell system (FCS). FCS provide a segregation of the energy and the power source 
such as internal combustion engines do. However, the efficiency is not limited by the 
Carnot process. For this reason, FCS can be a promising technology for automotive 
powertrains. 
Since the serial application of fuel cell vehicle is, compared to internal combustion 
engine vehicles, relatively new, there is still potential to optimize the fuel cell 
powertrain. Besides the FCS and the battery, the simulated hybrid electric powertrain 
consists of at least one direct current converter (DC-DC), an inverter and an electric 
motor. For this high voltage system, efficiency can be increased by varying the DC-link 
voltage [1]. Such a DC-link control improves the efficiency by 2.34 % for an electric 
delivery truck [2]. Further optimization potential is the intelligent phase control for DC-
DC [3]. Toyota reduced the DC-DC losses by 10 % with such a phase control [4]. Within 
the fuel cell system, the air supply system is the largest parasitic load. Due to noise 
vibration harshness challenges mentioned by Sang et al. [5] and the volumetric and 
gravimetric power density [6] of screw compressors, turbo machinery are increasingly 
being used for automotive fuel cell applications. Bao et al. [7] compared different air 
supply architectures and showed an improvement of 3 % in the efficiency of the fuel 
cell system through the recycling of exhaust gas enthalpy. To evaluate all these 
efficiency-enhancing measures for fuel cell powertrains based on simulation, an 
optimized operating strategy must be applied. 
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2 Hybrid Electric Vehicle 
The driving resistances of the FCS were adopted from a Tesla Model S. The propulsion 
system in our study comprises a permanent magnet synchronous motor (PMSM) and 
an inverter with 120 kW continuous power. It is assumed that 80 % of the vehicle power 
is provided by the FCS and 20 % by the battery. The FCS is a proton-exchange 
membrane fuel cell powered by turbo machinery. In the lithium-ion battery, there are 
40 cells connected in series. Due to the two voltage sources at least one DC-DC is 
mandatory to connect the inverter with the two electrochemical power sources. The 
high voltage architecture consists of two DC-DCs for each voltage source. This 
enables individual control of the DC-Link voltage. 
 
Figure 1: Hybrid electric powertrain architecture with two DC-DCs 
 
2.1 Air supply system 
The first target is to find the air supply system with the lowest power demand for the 
fuel cell system. The mechanical power of the compressor 𝑃m is calculated by:  
𝑃m =
?̇?co 𝑐p 𝑇1,t
𝜂co,tt
∙ ((
𝑝2,t
𝑝1,t
)
𝜅−1
𝜅
− 1)   (1) 
The inlet conditions are described by the temperature 𝑇1,t and pressure 𝑝1,t. 𝜂co,tt is the 
efficiency of the compressor. The air supply systems are limited to the control of mass 
flow ?̇?co and the system pressure 𝑝2,t. This mechanical power demand is calculated 
for three configurations of air supply in automotive fuel cell system. All these air supply 
systems are built up with turbo machinery. 
a) b) c)  
Figure 2: Possible air compression system configurations. C = compressor, T = turbine, Va = throttle 
valve and M = electrical machine: a) electric compressor with a backpressure valve, b) electric turbo 
charger with a backpressure 1.Va and a bypass valve 2.Va c) serial booster of turbo charger and 
electric compressor. [8]  
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The electric compressor (EC) shown in Fig. 2 a), uses the compressor to feed a mass 
flow into the fuel cell air supply. The throttle valve regulates the released air mass flow 
and thus the system pressure. At the electric turbocharger (ETC) the compressor, the 
electric motor and the turbine are on the same shaft. This is illustrated in Fig. 2 b). It 
implies that the system pressure results from the balance of the compressor and the 
turbine map at a certain speed. The second valve can actively influence this balance 
by increasing the exhaust gas mass flow. It can also be used to separate condensed 
water from the exhaust gas. By reducing the exhaust gas, the first valve increases the 
system pressure. Both throttle valves ensure an active pressure control. The serial 
booster (SB) concept is depicted in Fig. 2 c). The turbine drives the first compressor. 
The lack of the electric motor at the turbo charger reduces the inertia of the shaft and 
the component size. The electric compressor forms the second stage. Through the 
pressure ratio of both stages, the system pressure can be increased. On the other 
hand, the electric compressor has to overcome the restriction effect of the turbo 
charger at low load. 
To compare the three air supply systems the initial diameter of the compressor 
diameter is 75 mm and 40 mm for the turbine diameter. A metaheuristic algorithm 
optimizes the parasitic load of the air supply systems by scaling the diameter of the 
turbo machinery. 
 
Figure 3: Comparison of the power demand for different fuel cell air supply systems 
The metaheuristic algorithm reduces the mechanical power demand of all air 
compression system. The results are compiled in Fig. 3. Comparing the parasitic load 
of the electric compressor at peak power, the ETC needs 4 % less mechanical power 
than the EC. The best result is shown by the SB requiring 22 % less mechanical power 
than the EC. 
This can be explained as follows: 
At low shaft speed, the turbine has no influence on the demand of mechanical power. 
However, at higher shaft speed, the mechanical power of the turbine leads to the 
difference between EC and ETC. SB turns out to be the most efficient air compression 
system. In the SB, the shaft speed of the turbocharger is independent of the electric 
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compressor and solely determined by the equilibrium between compressor and turbine 
torque. The turbocharger shaft speed is used by the PSA as a further degree of 
freedom to increase the turbine power. That leads to larger diameters with a three 
times higher turbine power in the SB than in the ETC. Through this mechanical power 
the compressor of the SB turbocharger increases the inlet pressure at the electric 
compressor. Due to the attenuated pressure ratio the mechanical power demand is 
reduced and a compressor with a smaller diameter can be installed. 
 
2.2 Voltage Variation 
Within the hybrid electric powertrain mainly inverter and PMSM are affected by the 
voltage variation. The inverter losses are mainly caused by the switching losses of the 
power electronics. The switching losses rise proportionally to the DC-link voltage. 
Therefore, a low DC-link voltage will reduce inverter losses. 
 
Figure 4: Typical PMSM torque – speed characteristic 
The typical torque-speed characteristics of a PMSM machine is shown in Fig 4. The 
area can be divided into two main parts: constant torque area and field weakening 
area. In the constant torque area, the necessary PMSM stator voltage to generate 
torque is higher than the synchronous generated voltage. The DC-link voltage 
determines the stator voltage. The synchronous generated voltage is proportional to 
the shaft speed. The field weakening area starts when the synchronous generated 
voltage exceeds the stator voltage. In order to generate torque, the synchronous 
generated voltage must be lowered by an additional field weakening current. This 
additional current increases the reactive power. Increased DC-link voltage shifts the 
field weakening area of the PMSM towards higher shaft speed and thus lower losses 
and higher power can be achieved. The efficiency of inverter and PMSM ɳPMSM is 
calculated as follows: 
ɳPMSM =
𝑛rotor∙𝑀PMSM
𝑈DC−link∙𝐼inverter
   (2) 
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The contrary effects for inverter and PMSM lead to the fact, that for each operating 
point the optimal DC-link voltage must be determined to achieve best efficiency. In this 
investigation, the DC-link voltage starts at 250 V and it is raised by 25 V steps until 
450 V is reached. The efficiency enhancement of the variable DC-link voltage for 
inverter and PMSM are illustrated in Fig. 5. 
 
Figure 5: Efficiency enhancement of the optimal variable DC-link voltage against constant 450 V 
 
2.3 Phase Control 
 
Figure 6: Electric circuit of one bidirectional DC-DC phase 
The DC-link voltage can be influenced by the DC-DC. The “fuel cell” DC-DC is 
unidirectional and the DC-DC connected to the battery is bidirectional to enable power 
supply and charging. Both DC-DCs consist of multiple phases Fig. 6. Based on 
measurement data from the Bidirectional Charge- and Traction-System (BCTS) 
powertrain, a simulation model for the DC-DCs was developed. As in the inverter, the 
L
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losses of the DC-DCs are determined by the switching losses of the power electronics. 
Once a phase is active, the power electronics generate switching losses. On the other 
hand, the losses are also proportional to the phase current. As a result, the number of 
active phases varies during operation for reduced DC-DC losses.  
 
Figure 7: DC-DC efficiency for four phases and phase control 
The phase control Fig. 7 shows the number of active phases in dependence of the 
current to guarantee the best efficiency at the example of maximum four phases. The 
efficiency ɳDC−DC for the case of traction is calculated by: 
ɳDC−DC =
𝑈DC−link∙𝐼out
𝑈source∙𝐼in
   (3) 
In addition, a passive mode was applied. In this case the DC-DC establishes a direct 
connection with all phases between the voltage source and the DC-Link. 
Consequently, there are no switching losses and the ohmic losses are minimized. In 
the DC-DC off mode, the component is switched off and does not consume energy. 
 
2.4 Optimization Algorithms 
To evaluate the effects of voltage variation and phase control an optimal hybrid 
operating strategy must be found under fixed conditions. The hybrid electric vehicle is 
evaluated with the world harmonized light vehicles test cycle (WLTC). The electrical 
system load is assumed to be constant at 250 W. The battery state-of-charge (SOC) 
is limited to a range from 20 % to 80 %. At the beginning and at the end of the driving 
cycle the SOC must be 50 %. This enhances the comparability because the entire 
consumed energy is provided by hydrogen. 
Within these boundary conditions, optimization algorithms provide the optimal 
operating strategy for the a-priori known driving cycle. The optimization algorithm uses 
the fuel cell power as a control variable to achieve the lowest energy consumption. The 
SOC of the battery is the state variable. A commonly applied optimization algorithm is 
the Dynamic Programming (DP). 
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2.4.1 Dynamic Programming 
The DP is based on the Bellman equation and guarantees the global optimal solution. 
Therefore, the time of the drive cycle and the state variable are discretized, as shown 
in Fig. 8. Subsequently the simulation calculates the energy consumption 𝐽 from the 
start state to all possible states after one time step.  
 
Figure 8: Discretization of time and SOC with arc costs 𝐽 
After the simulation, the energy consumptions are summarized backwards from 𝑡f to 
𝑡i. The states from the path with the lowest energy consumption are stored. From these 
states the optimal power split between FCS and battery can be inferred. This algorithm 
requires high computational efforts. 
2.4.2 Extended Dynamic Programming 
The analysis of the DP shows frequently switching on and off of the FCS. To prevent 
this, the optimization algorithm must consider start-up and shutdown energy for the 
FCS. The PMP is a mathematical method which cannot take discrete events into 
account. Therefore, the DP must be extended for the FCS status. Besides the energy 
consumption, the simulation additionally stores the FCS status. Consequently, when 
the FCS status changes, the switching costs can be regarded. The start-up and 
shutdown energy of the FCS is 1 MJ at above 20 °C ambient temperature [9]. This 
procedure is advantageous because it does not increase the dimension of the DP and 
thus the required computing power is the same. 
 
Figure 9: Comparison of DP and DP SL for hybrid electric vehicles during the WLTC 
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DP SL considers the switching events of the FCS and is shown in green in Fig. 9. It 
avoids frequent switching and uses the battery for short power peaks in the DC-link. In 
summary, the start-up and shutdown events were reduced by 50 % in the WLTC. Thus, 
the calculated power split with DP SL is more realistic. 
 
3. Results 
Efficiency-enhancing measures such as different air supply systems, DC-link voltage 
variation and DC-DC phase control are evaluated for hybrid electric powertrains using 
the introduced DP SL algorithm. To show the benefit of the optimization algorithm, a 
standard control is added. The standard control starts-up the FCS and shuts it down 
at a certain DC-link power demand while fulfilling the boundary conditions of section 
2.4. The results for this procedure are shown in Tab. 1 for hybrid electric powertrains 
with two DC-DC.  
Table 1: Effects of the single efficiency enhancing measures on energy consumption for 100 km 
WLTC drive cycle 
Measures Energy consumption (kWh) 
Standard Control 29.6 
Optimal Algorithm 29.0 
Optimal Algorithm + Voltage Variation 28.5 
Optimal Algorithm + Voltage Variation + Phase Control 28.4 
Optimal Algorithm + Voltage Variation + Phase Control 
+ optimized air supply 
27.7 
 
The DP SL achieves 2.0 % less energy consumption than the comparable two DC-DC 
architecture. Voltage variation reduces the energy consumption by 1.7 % and phase 
control by 0.4 %. A fuel cell system powered by serial booster increases the efficiency 
by 2.5 %. 
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